Objectives: To investigate the anti-adherence and antimicrobial durability of anti-infective catheters against multidrug-resistant (MDR) Staphylococcus aureus (resistant to vancomycin, rifampicin and methicillin) and MDR Gram-negative bacteria (Stenotrophomonas maltophilia, Acinetobacter baumannii/ calcoaceticus and Enterobacter agglomerans) that are often associated with catheter-related bloodstream infections (CRBSIs).
Introduction
Central venous catheters (CVCs) have become essential devices used in the medical care of critically ill, haemodialysis and cancer patients. However, such devices have become the leading source of bloodstream infections in these patient populations. 1 It is estimated that in the USA alone, over 5 million CVCs are inserted annually. In intensive care units (ICUs) of the USA, $50% of the patients have CVCs, accounting for about 15 million CVC days/year. 2 CVCs are responsible for over 400 000 cases of nosocomial bacteraemia annually in the USA. 1 In ICUs alone, it has been estimated that approximately 80 000 catheterrelated bloodstream infections (CRBSIs) occur annually, with an estimated cost that ranges between $296 million and $2.3 billion and attributable mortalities of 4% to 20%, resulting in approximately 10 000 to 20 000 deaths annually. 2 These facts clearly dictated the need for innovative strategies to prevent CRBSIs.
Antimicrobial CVCs represent novel technological innovations in that the catheter surfaces are coated with antimicrobial agents, rendering them more resistant to colonization by microorganisms. In a previous study, we compared the in vitro activity of antimicrobial CVCs against fungi (Candida species), methicillinresistant Staphylococcus aureus and Pseudomonas aeruginosa. These anti-infective CVCs were shown to be clinically efficacious in preventing colonization and/or CRBSI. 1, 4, 5 Research has shown that vancomycin-resistant S. aureus (VRSA) is associated with catheter infections, 6 and Stenotrophomonas maltophilia, Acinetobacter baumannii/ calcoaceticus and Enterobacter agglomerans are among the leading causes of catheter-related Gram-negative bacteraemia. 7 Therefore, in this current study, we compare the activity of antimicrobial CVCs against pan-resistant bacteria associated with CRBSI in high-risk patients, such as multidrug-resistant (MDR) VRSA, MDR E. agglomerans and MDR S. maltophilia and A. baumannii/calcoaceticus.
Materials and methods
The anti-infective catheters investigated were impregnated with minocycline and rifampicin antibiotics (M/R-CVC Spectrum, Cook Medical, Bloomington, IN, USA) or with silver-platinum and carbon (SPC-CVC Oligon, Edwards Life Science, Irvine, CA, USA) or with chlorhexidine and silver sulfadiazine (CHX/SS-CVC, Arrow Gard Plus, Arrow International, Reading, PA, USA). These catheters were compared with non-coated catheters. Adherence of organisms was tested by using an established biofilm colonization model.
Adherence testing
We evaluated bacterial adherence to the surfaces of uncoated CVCs, M/R-CVC, CHX/SS-CVC and SPC-CVC. All tested polyurethane catheters had a diameter of 2 mm. Four 5 mm long segments of each catheter type were tested per organism. The method for testing adherence has been described previously. 3 Sterile CVC segments were placed into sterile 24-well tissue culture plates (Corning Costar, Corning, NY, USA) containing 1 mL of plasma to enhance the formation and binding of blood proteins and biofilm to the surfaces of the catheter segments. The plates were then placed in the incubator for 24 h at 378C. The plasma was removed from the wells, with the catheter segments left inside, replaced with 1 mL of Mueller-Hinton broth that had been inoculated with 5.5 Â 10 5 cfu/mL of microorganisms and incubated at 378C for 24 h. All organisms used were rifampicin-resistant (MIC !8.0 mg/L) and included MDR VRSA (resistant to vancomycin, rifampicin and methicillin) as well as MDR Gram-negative bacteria (S. maltophilia, A. baumannii/ calcoaceticus and E. agglomerans), all of which were clinical isolates that had previously caused CRBSIs in cancer patients. However, all of the MDR organisms tested were minocycline-susceptible (MIC ¼ 1.0 mg/L). The innoculum was then removed and segments were washed in 0.9% sterile saline with shaking for 30 min to remove any planktonic organism. After washing, segments were sonicated for 15 min in 5 mL of 0.9% sterile saline and then plated on trypticase soy agarþ5% sheep blood (BD, Sparks, MD, USA). Plates were incubated, inverted at 378C for 24 h and then counted for colony growth. A colony count of 100 cfu was recorded for any growth !100 cfu, and dilution factors (50) were taken into account to calculate the final cfu/segment. The upper limit of our detection was 5000 cfu/mL.
Zones of inhibition and antimicrobial durability
We used a modified Kirby Bauer method to evaluate baseline antimicrobial activities of catheter segments, as described previously. 3 Duplicates of catheter segments were vertically embedded in MuellerHinton agar plates (BD) coated with one of the organisms that had previously caused CRBSI in cancer patients. The plates were incubated overnight at 378C, and the zones of inhibition produced around catheter segments were measured and recorded as the diameters, in millimetres, across the centres of the embedded catheter segments.
Furthermore, the antimicrobial durability of catheter segments was also assessed over time by weekly testing for zones of inhibition produced by segments after they were soaked in serum. The catheter segments were placed in sterile 50 mL polystyrene tubes (Falcon, Franklin, NJ, USA) containing 10 mL of sterile serum as a suitable biological body fluid and were incubated at 378C. The 10 mL volume was used to ensure the complete immersion of all the segments placed in the tube. At weekly intervals, the serum was changed, and two segments per catheter type were tested to determine antimicrobial durability after the segments had been immersed in serum. Zones of inhibition were determined using the modified Kirby-Bauer method against the same organisms mentioned earlier.
Statistical methods
For each bacterium strain, the number of viable organisms adhering to the catheter segments measured by cfu was compared by the Kruskal-Wallis test (P value less than 0.05 was considered statistically significant). If a significant result was detected for the test, we used Wilcoxon rank sum tests for pairwise comparisons. The a levels of the post hoc pairwise comparisons were adjusted using a sequential Bonferroni adjustment to control type 1 error. The durabilities of various catheters against the organism measured by the diameter of the zone of inhibition were compared by two-way non-parametric analysis of variance (ANOVA) (using ANOVA in conjunction with rank transformation). If the catheter effect on durability was significant, multiple comparisons of catheter effect were performed, and the a levels of the post hoc pairwise comparisons were also adjusted using a sequential Bonferroni adjustment. All analyses were performed using SAS version 9.1 (SAS Institute, Cary, NC, USA). Table 1 shows the microbial adherence of various organisms (MDR VRSA, MDR A. baumannii/calcoaceticus, MDR E. agglomerans and MDR S. maltophilia) to the surfaces of all anti-infective catheter segments tested in comparison with the adherence to control uncoated catheters. As shown in Table 1 , M/R-CVC was the only anti-infective CVC that significantly decreased the adherence of all resistant bacteria tested when compared with control uncoated catheters.
Results

Adherence testing
Furthermore, M/R-CVC did significantly decrease the adherence of MDR VRSA compared with SPC-CVC (P ¼ 0.001) and CHX/SS-CVC (P ¼ 0.02). Similarly, M/R-CVC did significantly decrease the adherence of MDR A. baumannii/calcoaceticus when compared with CHX/SS-CVC (P ¼ 0.002), SPC-CVC (P ¼ 0.002) and the control uncoated catheter segments (P ¼ 0.002). With respect to E. agglomerans, M/R-CVC and CHX/ SS-CVC were equivalent in being significantly more efficacious than SPC-CVC (both P , 0.001) and the uncoated control catheter segments in preventing the adherence of this organism (both P , 0.001). In addition, M/R-CVC was significantly more efficacious than all other catheters, including CHX/SS-CVC, SPC-CVC and the uncoated catheter in preventing the adherence of MDR S. maltophilia (all P values , 0.005).
Antimicrobial durability
As shown in Figure 1(a) , M/R-CVC had a significantly longer antimicrobial durability against VRSA when compared with CHX/SS-CVC (P ¼ 0.008) and SPC-CVC segments (P , 0.0001). In addition, CHX/SS-CVC had greater antimicrobial durability than SPC-CVC against VRSA, as shown in Figure 1(a) (P , 0.0001) .
Similarly, M/R-CVC had significantly greater antimicrobial durability against MDR A. baumannii/calcoaceticus when compared with CHX/SS-CVC and SPC-CVC, respectively (both P values , 0.0001), whereas CHX/SS-CVC had greater antimicrobial durability than SPC-CVC (P , 0.0001; Figure 1b) .
When tested against MDR E. agglomerans, M/R-CVC and CHX/SS-CVC had equivalent prolonged antimicrobial durability, which was significantly greater than that of SPC-CVC (P , 0.0001; Figure 1c) .
With respect to MDR S. maltophilia, M/R-CVC showed significantly more prolonged antimicrobial durability than CHX/ SS-CVC and SPC-CVC, respectively (P , 0.0001), whereas CHX/SS-CVC had greater antimicrobial durability when compared with SPC-CVC (P , 0.0001), as shown in Figure 1(d) .
Discussion
M/R-CVC showed significantly improved antimicrobial adherence activity and more prolonged antimicrobial durability when compared with CHX/SS-CVC, SPC-CVC and uncoated control catheters against MDR VRSA, MDR S. maltophilia and MDR A. baumannii/calcoaceticus. In contrast, both CHX/SS-CVC and M/R-CVC had comparable antimicrobial adherence and durability against MDR E. agglomerans, but were superior to SPC-CVC and uncoated control catheters (all P values , 0.001).
The data from this current study support those from a large number of clinical trials testing various anti-infective catheters. M/R-coated CVC followed by CHX/SS-coated CVC were associated with a significant reduction in CRBSI in the largest number of clinical trials. 1, 4, 5 In a multicentre prospective randomized trial by Darouiche et al. 8 comparing these two anti-infective CVCs, it was demonstrated that among indwelling catheters that remained in place for more than 7 days, the frequency of CRBSI in the CHX/ SS-CVC group was 6.4%, whereas that in the M/R-CVC group was only 0.7% (P ¼ 0.01). Hence, the significantly more prolonged antimicrobial durability of M/R-CVC (as demonstrated in the current study) could have contributed in a major way to its superiority over the first-generation CHX/SS-CVC, which is known to have antimicrobial durability equal to or shorter than the second-generation CHX/SS-CVC. Furthermore, data from this study showing superior and more prolonged antimicrobial durability of M/R-CVC over other anti-infective catheters, including CHX/SS-CVC, against MDR VRSA and other MDR Gram-negative bacilli (A. baumannii/calcoaceticus and S. maltophilia) could explain the efficacy of M/R-CVC in high-risk patients requiring prolonged catheterization. 1, 5, 8 In addition to the prolonged durability of M/R-CVC, their unique activity in preventing the adherence of pan-resistant bacteria could explain their high efficacy in clinical trials. 5, 8 Our data have also shown that M/R-CVC and CHX/SS-CVC were significantly superior to SPC-CVC in terms of antimicrobial durability and anti-adherence activity directed against MDR VRSA and MDR Gram-negative bacilli. This could explain the success of these two types of anti-infective catheters in clinical trials and the limitation of SPC-CVC in clinical testing. More recently, two prospective randomized controlled trials failed to show any benefit of the novel SPC-CVC in reducing CRBSI, and Fraenkel et al. have shown that M/R-coated CVCs are associated with a significantly lower risk of microbial colonization when compared with SPC-CVC. 1, 9 All the MDR organisms tested in our study were rifampicin-resistant. Although Sampath et al. 10 showed previously that rifampicin-resistant Staphylococcus epidermidis is initially inhibited by M/R-and CHX-SS-CVC, this inhibition was not maintained beyond 7 days for M/R-CVC. In contrast, our current study showed that M/R-CVC maintained antimicrobial activity against all of the MDR rifampicin-resistant pathogenic organisms (including MDR VRSA and MDR Gram-negatives) for a period that exceeded 21 days (Figure 1a -d) . Furthermore, the antimicrobial durability of M/R-CVC was significantly more prolonged than the other CVCs against MDR VRSA as well as MDR S. maltophilia and A. baumannii/calcoaceticus. Given the more virulent and invasive nature of the MDR organisms we tested as opposed to S. epidermidis, our results have certain outcome applications explaining the clinical efficacy of the M/ R-CVC.
In conclusion, the ability of microbial organisms to adhere to the surface of anti-infective catheters by testing such catheters in a biofilm colonization model and the antimicrobial durability of catheters in serum could explain their clinical performance. M/R-CVC were associated with more prolonged antimicrobial durability and higher efficacy in decreasing the microbial adherence of MDR VRSA, MDR S. maltophilia and A. baumannii/ calcoaceticus when compared with CHX/SS-CVC and SPC-CVC. The CHX/SS-CVC had activity equivalent to that of the M/R-CVC in preventing the adherence of and maintaining antimicrobial durability against MDR E. agglomerans. Future studies should focus on improving the antimicrobial durability of the antiseptic chlorhexidine-based CVC and broadening the spectrum of the M/R-CVC to include an antifungal agent. 
